We study the coupling between the structural dynamics and rheological response of charged colloidal monolayers at water/oil interfaces, driven into steady shear by a microdisk rotating at a controlled angular velocity. The flow causes particles to layer into rotating concentric rings linked to the local, position-dependent shear rate, which triggers two distinct dynamical regimes: particles move continuously ("Flowing") close to the microdisk, or exhibit intermittent "Hopping" between local energy minima farther away. The shear-rate dependent surface viscosity of a monolayer can be extracted from an interfacial stress balance, giving "macroscopic" flow curves whose behavior corresponds to the distinct microscopic regimes of particle motion. Hopping Regions correspond to a surface yield stress η ∼ τ Y Sγ −1 , whereas Flowing Regions exhibit surface viscosities with power-law shear-thinning characteristics.
We study the coupling between the structural dynamics and rheological response of charged colloidal monolayers at water/oil interfaces, driven into steady shear by a microdisk rotating at a controlled angular velocity. The flow causes particles to layer into rotating concentric rings linked to the local, position-dependent shear rate, which triggers two distinct dynamical regimes: particles move continuously ("Flowing") close to the microdisk, or exhibit intermittent "Hopping" between local energy minima farther away. The shear-rate dependent surface viscosity of a monolayer can be extracted from an interfacial stress balance, giving "macroscopic" flow curves whose behavior corresponds to the distinct microscopic regimes of particle motion. Hopping Regions correspond to a surface yield stress η ∼ τ Y Sγ −1 , whereas Flowing Regions exhibit surface viscosities with power-law shear-thinning characteristics.
Colloidal suspensions offer the unique opportunity to visualize directly materials' structural response to external perturbations at the level of individual constituents. In the specific case of the response to mechanical stresses and flow, very often the rheological response is coupled to the structure of the flowing material [1] . Notable examples includes shear-banding in colloidal crystals [2] and glasses [3] , wall slip [4] , the formation of hydroclusters in shear-thickening fluids [5] and alignment-layering transitions in shear-thinning fluids [6, 7] .
The simultaneous application of controlled stresses and the visualization of these effects in bulk materials typically requires confocal microscopes coupled to customized shear cells or modified rheometers [8] . The necessity to scan large volumes across the geometry gap limits the range of accessible shear rates or restricts the observation to slices of material in proximity of solid boundaries [6, 9] . These limitation can be circumvented by moving from bulk to truly two-dimensional (2D) systems. Particle monolayers can be robustly produced by spreading colloids at fluid interfaces [10] , where interfacial forces trap microparticles irreversibly in the interface plane, and a range of attractive and repulsive interactions can be harnessed to control the interface microstructure [11] . For example, dipolar electrostatic repulsions drive the formation of loosely-packed crystalline [12, 13] or glassy [14, 15] monolayers, with inter-particle distances reaching many particle diameters. Experiments studying extensional [16] and shear flows [17] [18] [19] of interfacial colloidal monolayers showed that these 2D-systems can be distorted by subjecting the interface to mechanical stresses. Deformations stem from local, highly cooperative, rearrangements that induce the monolayers to relax towards equilibrium [19] or to align with the external flow [17] . In spite of the considerable importance of these discoveries, the interplay between the motion of single particles and the overall mechanical response to shear remains unclear and has strong applied implications in the engineering of particle-stabilized emulsions and foams [10] .
In this Letter, we study interfacial colloidal monolayers at various densities under continuous shear, applied via a microdisk rotating over a broad frequency range. We demonstrate that (poly)crystalline colloidal monolayers of micron-sized polystyrene (PS) spheres at water/decane interfaces respond to shear generating series of concentric rings around the disk, which are coupled to the mechanical response of the 2D fluid. In analogy with layering in bulk [7] , ordering under flow reduces the local viscosity and the interfaces behave as 2D shear-thinning fluids in a region close to the disk. Beyond this layering region, the material adopts another flow modality whereby the strain propagates in a series of "Hopping" events between local energy minima, as predicted earlier by numerical simulations [20] . Access to single-particle trajectories and stress balance at the interface makes it possible also to measure the local steady shear rheology, whereby the two different flowing mechanisms appear as distinct features in the flow curves.
Monodisperse (diameter d=4 µm) and bidisperse (diameters d=4 and 1µm, number ratio 1:2) colloidal monolayers are prepared by spreading sulfate PS particles (Interfacial Dynamics, USA) in a 60:40 water:isopropanol suspension at a flat water/decane interface confined in a circular 0.5 cm diameter cell. The particle area fraction at the interface (calculated on the big particles only), varies between 0.04 and 0.2 depending on the volume fraction of the spreading solution. The interface is imaged in transmission using 10× and 20× long-working distance objectives and snapshots are recorded with a CCD camera at 60 frames/s. Interfacial shear is estabished by a rotating circular probe (radius R=50 µm, thickness 2 µm Fig. 1 amphiphilic microdisks [21] that can be rotated and oscillated by externally controlled electromagnets [22] . We simultaneously track the rotation of the disk and the motion of the surrounding particles using custom particle tracking algorithms (see Supplementary Materials (SM) for more details).
After spreading, the colloidal particles self-assemble into non-closed packed structures due to electrostatic repulsion and typical inter-particle distances are determined by the area fraction. The monolayer is typically polycrystalline and homogeneous over the entire interface, with the exception of the first 1-2 layers around the disk, which locally deforms the lattice ( Fig. 1(a) ).
When rotational shear is applied, however, the macroscopic colloidal structure displays a drastic change. Figure 1 shows shear-induced structuring and the corresponding flow profiles in both monodisperse (Figs. 1(a) , (c) and (e), φ = 0.2) and binary (Figs. 1(b), (d) and (f), φ = 0.14) monolayers, sheared at small and large angular frequencies. The applied shear melts the monolayer, which re-orders to form concentric rings (Figures 1(a-b) ). Such layering is evident in the probability distributions of particle radial positions P (r/R) in Figures 1(c) and (d), where faster rotation induces a higher number of rings. Further away from the disc, where the monolayer is not melted, the layering is lost. Remarkably, Figure  1 (d) illustrates that binary monolayers respond to the applied shear forming alternating layers of small and big particles. We attribute this effect to the superposition of the radial flow profile and the repulsive pair potential, where the small particles fall in the local energy minima caused by the layering of the big particles. Figures 1(e) and (f) show the normalized angular velocity ω/Ω profiles corresponding to the P (r/R) curves. We observe no slip at the disc boundary and a decay to zero at a frequency-dependent distance.
Qualitatively distinct behaviors can be identified in these flow profiles by comparing particles initially located at different distances from the disk (Fig. 2(a) ) in the laboratory and co-rotating reference frames. The latter is obtained by subtracting the average angular motion at a given r/R from the particle coordinates at the same radial position. White trajectories denote particles in the "Flowing" regime (FR), where the monolayer deforms smoothly within the shear flow, as if melted. The particles are unlocked from their potential minima and move freely within the energy landscape [20] . Because FR colloids move with the same average speed as the surrounding shear flow, their trajectories resemble random walks when evaluated in the co-moving frame. Particles located farther from the disk move within a "Hopping" regime (HR) (black trajectories), wherein the shearing is strong enough to cause particles to occasionally hop from one local energy minimum to the next, but not to flow continuously. Trajectories in the co-moving frame are no longer simple random walks, as HR particles are trapped within a local potential minimum for a time, occasionally hopping in various directions into a neighboring minimum, reminiscent of zig-zag displacements [20] or crystallite rotations [17] in planar shear. Such intermittent hopping gives rise to angular displacements ∆θ in the co-moving reference frame that are distributed much more broadly in the HR than in the FR (Fig. 2(b) ).
This analysis can be performed for each particle in the monolayer. Figures 2(c-d) show the relative angular speeds ∆ω i of each particle i, measured relative to the average speed ω(r/R) at a radial distance r/R, defined as ∆ω i (r/R) = ω i (r/R) − ω(r/R) . FR particles travel at the average flow speed, so that ∆ω ≈ 0, and appear white. HR particles, on the other hand, travel with speeds that differ significantly from ω , and appear dark. The FR-HR transition is not smooth, as evidenced by abrupt increases in the standard deviation of ∆ω (inset to Fig. 3(a) ). The radial location of the FR-HR transition (vertical lines in Fig. 3(a) ) depends on the interfacial shear stress imposed by the rotating disk, increasing with Ω.
Broad features of these angular velocity profiles correlate directly with qualitative changes in colloidal behavior. Figure 3(a) shows the radial decay of the angular speed ω (normalized by Ω) of a φ = 0.14 monolayer, established by different probe rotations Ω (analogous results for other φ can be found in SM). In all cases, the interfacial velocity profile shows a no-slip coupling with the rotating disk (ω(R) = Ω). At large Ω (e.g., pink curve), the monolayer in almost the entire field of view is in the FR, and ω shows a simple power-law decay. At smaller Ω (e.g., black data), two distinct power-law decays appear: a first power-law region close to the disk and a second, steeper decay at larger distances. Remarkably, the radial distance for the transition between the two slopes corresponds directly to the critical FR-HR location, as defined by σ(∆ω) (i.e. vertical lines in Fig.  3(a) ). This abrupt steepening of the decay in ω reveals the increases resistance to deformation and flow that occurs across the monolayer transitions from flowing (FR) to defect-mediated hopping (HR).
For monolayers with a given area fraction φ, the decay of velocity profiles within the FR becomes more gradual with increasing Ω. In particular, measured power-law exponents N in ω ∼ (r/R) −N are shown in Figure 3 (b) for different Ω and φ. In all cases, N decreases with increasing Ω, approaching 3 at high rates. Interfacial velocity profiles around rotating disks at Newtonian interfaces with negligible surface viscosities have been calculated, showing a r −3 decay [23] . We expect, therefore, that flow within the colloidal monolayer is becoming increasingly subphase-dominated as N → 3. The dimensionless Boussinesq number Bo = η/(η b R) describes quantitatively the importance of sub-phase contributions to the shear of complex interfaces [24, 25] , with η and η b the surface and bulk viscosities, respectively. N deviating from 3 marks the transition between sub-phase-dominated and non-Newtonian interface-dominated flows. In particular, N > 3 indicates that the monolayer is shear thinning -surface shear viscosity decreases with increasing shear rate -so that the velocity decays more rapidly far from the probe, where the shear rate is lower and the viscosity is higher. Figure 4(b) shows that this transition is φ-dependent, as well as shear-dependent. Flow in dilute monolayers (e.g. φ = 0.04, grey) is mainly subphasedominated, with velocity profiles showing r −3 decay at (almost) all experimental frequencies. In contrast, concentrated monolayers (e.g. φ = 0.2, violet) display a clear trend from an interface-dominated regime heading toward a bulk-dominated flow at larger Ω. Denser monolayers also have a higher shear-thinning exponent.
Viewing the microdisk as an infinite-gap 2D Couette rheometer allows the local mechanical response of the monolayers to be extracted from the detailed local flow profiles. If the interfacial flow is dominated by the interfacial stress σ (to be checked a posteriori), conservation of angular momentum requires
whereγ is the local shear rate, η(γ) is the shearthinning surface viscosity and σ 0 is the surface shear stress at the disc boundary. Obtainingγ from measured velocity profiles (e.g. in Fig. 3(a) ) gives the flow curves in Fig. 4(a) . Because the rotation rate Ω is associated with a single surface stress scale prefactor σ 0 , flow curves from different frequencies can be superimposed to form a master curve (Fig. 4(a) , inset), as described in SM. Colored vertical arrows mark the FR-HR transition found previously ( Fig. 3(a), inset) . Notably, the critical shear rate at the FR-HR transition matches for all probe rotation rates, confirming that this transition reflects an intrinsic material property of the monolayer.
Analogous flow curves measured for different monolayer packings φ (Fig. 4(b) ) reveal the FR-HR (arrows) transition to occur at higher critical shear rates as φ increases, as expected. Power-law fits to the shear-thinning surface viscosity for FR (white lines) and HR (black lines) portions reveal nearly −1 slopes for HR regions, suggesting a surface yield-stress. By contrast, the FR exhibits density-dependent shear-thinning.
Our analysis has assumed rotational stress to be borne entirely within the monolayer. This assumption may break down at some of the highest shear rates and lowest concentrations, where N ∼ 3 (Fig. 3b) . In the opposite extreme, where particles provide no resistance to interfacial shear, but are instead simply advected by the subphase flow, particles would move with azimuthal velocities v θ ∼ r −2 , or angular velocities ω ∼ r −3 . Any shear thinning (N > 3) unambiguously reflects stress due to the monolayer. We note that all monolayers with φ > 0.1 shear thin with N > 4 at all Ω, φ = 0.09 shows N > 4 for most Ω, and even φ = 0.04 yields an exponent N appreciably above 3 at low frequencies. Although bridging the two extremes (from subphase-dominated, N = 3, to monolayer-dominated N > 3) would requires a detailed computation (discussed in SM), almost all measurements here reveal dynamics that unambiguously reflect monolayer mechanics.
Flow curves for monodisperse and binary monolayers at similar area fractions show no significant quantitative differences, strongly suggesting that the larger particles bear most of the stress in the monolayers.
In conclusion, we have demonstrated that continuous, radially symmetric shear flow restructures 2D colloidal monolayers significantly, forming concentric layered rings. This structural reorganization directly corresponds to qualitative changes in the dynamical response of individual particles, from flowing to hopping. In turn, this shift corresponds directly to a clear transition in the macroscopic interfacial rheology: the monolayer exhibits a surface yield stress at lowγ, with η ∼γ −1 , followed by stronger shear-thinning at higher rates. Surface shear viscosities extracted from interfacial velocity profiles measured at different probe rotations collapse onto φ-dependent master flow curves, with clear critical shear rates for FR-HR transitions, consistent with intrinsic material properties. The structural, dynamical and rheological responses of these complex interfaces are clearly interrelated, highlighting the relationship between morphological process and rheological behavior that must be considered when designing complex fluid interfaces.
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